4−n−decyloxy−4'−(cholesteryloxycarbonyl−1−butyloxy) chalcone and its two
Introduction
In liquid crystal systems, the availability of chiral subs− tances of high optical purity has led directly to the discovery of novel phase structure and related phase behaviour. In some cases reduction of symmetry of a system due to chira− lity causes some strange structural behaviour to occur. The molecules want to pack in a certain manner but such a struc− ture cannot be adopted everywhere. Accordingly this leads to what are called frustrated phases. Chiral liquid crystals have the tendency to form a cholesteric like helical struc− ture, however, molecular interaction may favour a smectic layer structure. It is impossible to realize a continuous struc− ture that exhibits both a cholesteric director field and a smectic layer structure at the same time. The competition between these two structural features can result in a frus− trated structure containing a regular lattice of grain bound− aries, which in turn consist of a lattice of screw dislocations [1] . These frustrated phases are called twist grain boundary phases [1] [2] [3] . Till now, many TGB structures viz. TGBA, TGBC, TGBC * , TGBC A * , TGBQ etc. have been proposed and most of them have been experimentally realized in pure systems as well as in mixtures [2] [3] [4] [5] [6] [7] [8] [9] . In TGBA, TGBC, and TGBC * phases, slabs of the molecules which have local smectic A (SmA), smectic C (SmC), and smectic C * (SmC * ) structures, respectively, are rotated with respect to each other by screw dislocations resulting in the formation of a helical structure [8] [9] .
Dielectric studies of the phases are still in nascent stage and the data on the dielectric behaviour of TGB phases available in literature is not very comprehensive [10, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] because most of the TGB phases exist over a very short tem− perature range due to their frustrated nature. Initial fre− quency dependent (dynamic) dielectric studies of the TGBA phase [12] [13] [14] [15] show that electric field induces amplitude fluctuation of tilt angle like those of SmA * phase, leading to excitation of soft mode of dielectric relaxation. Similarly in TGBC phase, electric field induces phase fluctuation of the tilt angle and hence Goldstone mode of dielectric relaxation is observed like those in SmC * phase [12, 15] . However, ex− perimental evidences suggest that TGB phase relaxation processes have lower amplitudes and higher relaxation fre− quencies as compared to those observed in the classical SmA * and SmC * phases [17] .
Twist grain boundary phases are generally observed be− tween cholesteric and smectic phases. Recently, a series of unsymmetrical liquid crystal dimmers derived from choles− teryl have been synthesized by Yelamaggad and co−workers [22] . They have reported independent occurrence of TGB phases. It has been found that three homologous members of the series 4−n−decyloxy−4'−(cholesteryloxycarbonyl−1− −butyloxy) chalcone (DC4−10), 4−n−undecyloxy−4'−(choles− teryloxycarbonyl−1−butyloxy) chalcone (DC4−11) and 4−n−decyloxy−4'−(cholesteryloxycarbonyl−1−butyloxy) chal− cone (DC4−12) show exceptionally wide temperature range TGBA and TGBC * phases [22] . We have previously re− ported the dielectric studies of the compounds DC4−10 and DC4−11 [23] [24] [25] . The present work deals with the extensive thermodynamic and dielectric studies on the above men− tioned compounds in order to generalize the electrical behaviour of TGB phases. [26, 27] .
Experimental
Instrumental uncertainty in the determination of the transition temperatures and the transition enthalpies DH with the help of DSC are ±0.1°C and ±2%, respectively. The accuracy in the measurement of the capacitance C and the conductance G in the frequency range of interest is < 0.2% and hence maximum uncertainty in the measurement of the dielectric permittivity ¢ e and the conductivity s within the entire frequency range is less than ±2%. The accuracy of the measured frequency is ±100 ppm.
Results and discussion
Differential scanning calorimeter (DSC) study has been car− ried out for three compounds namely DC4−10, DC4−11, and DC4−12 at different scanning rates. DSC thermograms of the compound DC4−11 in the heating and cooling cycles are shown in Fig. 1 at the scanning rate of 5°C/min. The peak transition temperatures and enthalpies corresponding to var− ious transitions are given in Table 1 at the scanning rate of 5°C/min for the studied compounds. The transition from the TGBA phase to the metastable TGBC * phase was very weak and it could not be observed due to smearing of transi− tion peaks at high and low scanning rates. This transition temperature has been found to be better resolved when scan− ning rates are optimized at 5°C/min. For this weak peak, un− certainty in the determination of peak transition tempera− tures is quite large and there has been no regular depend− ence of peak transition temperatures on the scanning rates. The similar observations have also been reported in litera− ture for TGB systems [10, 11] . It is important to note that most of the TGB−TGB transitions have been predicted to be second order [2, 5] but experimentally they have been found to be weakly first order transitions with transition width of the order of 0.2 to 0.5°C in extremely pure samples as well as in the mixtures [3, 4, 9] .
The optical texture study has also supported the exis− tence of another phase below TGBA phase in the cooling cycle of the studied compounds. Typical optical textures at different temperatures of the planar aligned sample (DC−411) are shown in Fig. 2 . The square grid pattern has been observed for low temperature phase under crossed po− larizing microscope when slides treated for the planar an− choring conditions. Undulated filaments have been obser− ved for low temperature phase under homeotropic anchor− ing conditions for all three studied compounds. These are the characteristic textures of TGBC * phase [8, 9] . Hence, the existence of a metastable TGBC * phase below the TGBA with the temperature of the studied compounds are shown in Fig. 3 . In the case of homeotropic aligned TGB phases, all the molecules are not orthogonal to the electrode surfaces and therefore, it may be more illustrative to express measured permittivity data in terms of TGB helix axis. When we take TGB helix axis as reference axis then ¢ e becomes ¢ e ||h , i.e., the permittivity measured along TGB helix axis. Similarly, ¢ e || becomes ¢ e h , i.e., the permittivity normal to TGB helix axis [23] . As ex− pected, in the isotropic liquid phase D ¢ e has been found to be @0 showing that there is no preferred alignment of the molecules. Below isotropic liquid to TGBA transition tem− perature (T I−TGBA ), ¢ e increases (whereas ¢ e || decreases sharply) with decrease in the temperature showing negative dielectric anisotropy D ¢ = ¢ -¢ < e e e || 0 in the TGBA phase. Good planar alignment has not been achieved immediately below Iso−TGBA, but as temperature decreases in TGBA phase, molecular alignments improve and that is why ¢ e in− creases quickly in the vicinity of the isotropic liquid to TGBA transition. After the perfect planar alignment, rate of the increase of ¢ e becomes slow, however, increasing trend continues throughout the TGBA phase. On lowering the temperature, a clear change in the slope of ¢ e data has been observed for all three studied compounds of homologous series. This suggests macroscopic change in the structure of materials and confirms the existence of another phase below TGBA phase which has also been observed during the DSC and polarized light microscopic studies. As mentioned ear− lier, observed square grid texture for the homogeneously (planar) aligned samples confirms this phase as TGBC * [8, 9] . In the TGBC * phase, value of ¢ e decreases slowly with the decrease in temperature for all three studied com− pounds presumably due to presence of a dispersion phe− nomenon at low frequency below 1 kHz which will be dis− cussed in the next paragraphs. At TGBA−TGBC * transition, ¢ e || increases rapidly by appreciable magnitude in the case of the first two members of the series (DC4−10 and DC4−11) and ¢ e || becomes constant at lower temperatures of TGBC * phase. Such behaviour has been observed in some other similar systems also [18, 19, 21] . In the case of DC4−12 [28] , ¢ e || decreases continuously with decrease in the temperature throughout TGBC * phase [ Fig. 3(c) ]. However, one should not forget that TGB in general and TGBC * structure in par− ticular are complex one and thus D ¢ e shown in Fig. 3 is not directly representing dielectric anisotropy as defined for the simplest nematic and orthogonal smectics.
Dielectric data acquired in the frequency range of 1 Hz to 10 MHz suggest that low frequency (1 Hz to 10 kHz) data are highly affected by ionic impurities whereas high fre− quency data (above 1 MHz) are affected due to ITO resis− tance [26, 27] . Effect of ionic impurities is more prominent in the homeotropic−aligned samples than in planar as a usual case. In order to remove low frequency artifacts from the 
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where ¢ ¥ e ( ) is the relative permittivity at high frequency limit, De i , t i , and h i are the dielectric strength, the relaxation time (inverse of angular relaxation frequency) and symmet− ric distribution parameter (0 £ h i £1) of the i th mode respec− tively. The third and fourth terms in Eq. (1) represent the contribution of electrode capacitance and ionic conductance at low frequencies where A 1 and n are the constants [31] . s(dc) is the ionic conductance and e 0 (= 8.85 pF/m) is the free space permittivity.
The real and imaginary parts of dielectric permittivity data have been fitted separately with the help of Eq. (1) to explore the expected mode of relaxation. After subtracting low frequency correction terms due to electrode polarization from the measured data of planar aligned cell, a relaxation phenomenon in TGBA phase has been observed about 100 kHz in all studied compounds. On cooling the samples, the strength of this mode increases continuously. This mode has also been observed in low temperature TGBC * phase in the same frequency range (see Fig. 4 ). However, quantitative details for this mode could not be possible because we are not able to apply any correction term to remove ITO effects from a real part of dielectric permittivity. It will be worth− while to mention here that we could not detect the absorp− tion peak in the dielectric spectrum due to high ionic con− ductivity, small dielectric strength and quasi−dispersive na− ture of relaxation modes in the materials. In the TGBC * phase, an additional mode has been appeared below 1 kHz in all three studied compounds. A representative dielectric spectrum showing two relaxation modes of TGBC * phase is given in Fig. 4 for DC4−11. The relaxation frequency of this mode is found to be~100 Hz with small dielectric strength less than unity (~0.6) and high value of distribution parame− ter (~0.3). The high value dispersive parameter correspond− ing to this mode suggests its polydispersive nature. Ismaili et al. [17] proposed a theoretical model verified by some ex− perimental work as well, which suggests that Goldstone mode of TGBC and soft mode of TGBA phases are strongly reduced due to the existence of an elastic parameter (H 2 ) in these phases. Existence of H 2 is connected to the elastic dis− tortion of the director and its amplitude depends strongly on Opto the anchoring parameter b a arising due to the anchoring forces at the grain boundaries and the distance between the grain boundaries l b . At this stage, experimental evidences are not sufficient to postulate any mechanism for the origin of these two modes of TGB phases. However, on the basis of analogy with a theoretical model and a range of relax− ation frequency of the observed mode, the origin of these two modes is stipulated due to Goldstone like (for low frequency) and soft like (for high frequency) processes. DC conductivity s(dc) has been determined from the measured conductivity data in different phases of the com− pound DC4−11 for planar and homeotropic alignments of the sample. For the planar oriented sample, it has been ob− served that dc conductivity s^(dc) marginally increases at the isotropic liquid to TGBA transition (see Fig. 5 ). s^(dc) continuously decreases with decrease in the temperature throughout TGBA and TGBC * phases and follow Arrhenius behaviour. This can be assigned to increase in the viscosity of the material with decrease in the temperature. The values of s^(dc) in the isotropic liquid and TGBA phases are of the order of 10 -8 S−m -1 and go down to 10 -9 S−m -1 on the lower temperature side of TGBC * phase. No sharp change in the value of s^(dc) has been observed at TGBA−TGBC * transi− tion but a change of slope distinguishes two phases. The ac− tivation enthalpy of dc−conductivity has been calculated in different phases using the following relation
where s 0 is the constant, E A is the activation enthalpy, T is the temperature in K, and k B (=1.38×10 -23 J−K -1 ) is the Boltzman constant. Activation enthalpies of dc conductivity for different phases have been determined from the slopes of the straight lines obtained by a least square fit method. The value of activation enthalpies in the isotropic liquid, TGBA and TGBC * phases are found to be 16 kJ/mol, 42 kJ/mol, and 69 kJ/mol, respectively. When electrodes are treated for the homeotropic an− choring (coated with the lecithin), it has been observed that s(dc) increases by at least one order of magnitude even in the isotropic liquid phase. This has been a usual process in various types of materials studied by us where lecithin has been used as surfactant. It seems that lecithin molecules contribute to dc conductance by injecting extra impurity ions otherwise s(dc) must be the same in both type of cells (planar and homeotropic) in the isotropic liquid phase of the samples as there must not be any preferred alignment of the molecules. The values of s || (dc) in the isotropic liq− uid are of the order of 10 -7 S−m -1 and go down to 10 -8 S−m -1 in the TGBA phase. On further cooling, s || (dc) in− creases in TGBC * phase (see Fig. 5 ). The value of activa− tion enthalpies in the isotropic liquid, TGBA and TGBC * phases are found to be 39 kJ/mol, 113 kJ/mol, and 67 kJ/mol, respectively. The activation energy in TGBC * phase is found to be approximately the same for both pla− nar and homeotropic anchoring geometry of molecules. This suggests that molecular arrangements in both cases are identical. This indicates a cubic structure of TGBC * phase [21] .
Conclusions
The extensive thermodynamical, optical, and dielectric stu− dies support the existence of wide temperature range TGBA and TGBC * phases in the investigated compounds. Thermo− dynamical study suggests that TGBA−TGBC * transition is weakly first order. Dielectric anisotropy has been found to be negative in TGBA and TGBC * phases of all studied com− pounds. In the first two studied compounds of series, dielec− tric anisotropy reduces in TGBC * phase. Activation energy of DC conductivity has been found to be the same in TGBC * phase for both homeotropic and planar anchoring of the molecules. This suggests similarity in the macroscopic structure under two measuring geometries and supports cu− bic structures of TGBC * phase. A weak relaxation process in the frequency range of 100 kHz to 1 MHz has been ob− served in both the TGB (A and C * ) phases presumably due to the soft like mode. Another mode of relaxation has been detected in TGBC * phase below 1 kHz and it has a signature of the Goldstone like mode. 
